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Dynamic tensile and compressive properties of vacuum and ordinary
die-casting AT72 magnesium alloy at high strain rates
Zheng Liu*, Yang Dong, Ping-li Mao, Jin-cheng Yu
School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, ChinaAbstractTo investigate dynamic tensile and compressive properties of AT72 magnesium alloys under high strain rates, the Split Hopkinson tensile Bar
(SHTB) and the Split Hopkinson Pressure Bar apparatus was used at ambient temperature. The specimens after dynamic tension and dynamic
compression were analyzed by scanning electron microscope (SEM) and metallographic microscope. Dynamic mechanical properties and
fracture mechanism were discussed in this paper. The results show that at approximate tensile strain rate, the dynamic tensile strength of ordinary
die-casting AT72 and vacuum die-casting AT72 is very similar, but the dynamic failure strain is of great difference. AT72 magnesium alloys
under dynamic compressive yield continuously, and have the slight positive strain rate effect. The dynamic compressive behaviors of ordinary
die-casting AT72 and vacuum die-casting AT72 are nearly the same. The dynamic tensile fracture mechanism of both vacuum die-casting AT72
and ordinary die-casting AT72 is inter-granular fracture. The dynamic compressive fracture mechanism of both vacuum die-casting AT72 and
ordinary die-casting AT72 is quasi-cleavage intra-crystalline failure. The pores have an important effect on dynamic properties of die casting
magnesium alloys.
Copyright 2013, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
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Magnesium alloys are the lowest density of themetal structure
material which have been widely applied in the automotive field
due to the advantages of high specific strength, high specific
stiffness, good damping capacity and machinability [1,2]. In the
existing forming methods of magnesium alloy structures, high-
pressure die casting is the main molding method [3]. And vac-
uum die casting is an advanced die-casting technologywhich can* Corresponding author. Tel./fax: þ86 024 25496166.
E-mail address: zliu4321@vip.sina.com (Z. Liu).
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http://dx.doi.org/10.1016/j.jma.2013.07.004reduce internal porosity and realize die castingswelding and heat
treatment [4e6]. Thus, it is used to develop magnesium alloy
automotive parts by research teams fromChina,USAandCanada
[7] and some results have been achieved. A new die-casting
magnesium alloy AT72 (Mge7%Ale2%Sn) with high strength
and toughness has just been developed. Additions of Sn to
MgeAl alloys were found to improve the strength [8] and creep-
resistance [9,10] of the alloys. However, the researches of the
mechanical properties of AT72 magnesium alloy are mainly
focused on the quasi-static field. There is little limited experi-
mental data to describe the dynamic properties of magnesium
alloys, result in lacking of design basis when using magnesium
alloy as a bulletproof material, armor material and car frond end
material. In the author’s laboratory, the Split Hopkinson tensile
Bar (SHTB) and the Split Hopkinson Pressure Bar apparatus
(SHPB) were used to research the dynamic tensile property and
dynamic compressive property of ordinary die-casting AT72
magnesium alloy and vacuum die-casting AT72 magnesiumngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. (a) Photograph of original specimen, (b) dynamic tensile specimen, (c) dynamic compressive specimen.
Fig. 2. Schematic view of (a) SHPB system; (b) SHTB system.
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magnesium alloy at high strain rates were discussed. SEM was
used to observe the fractures and the opticalmicroscopywas used
to observe the microstructures.
2. Material and specimens
AT72 magnesium alloy (Mge7%Ale2%Sn) was die cast at
Shanghai Jiao Tong University using vacuum die casting to
produce casting parts at a casting temperature of about 700 C.
The states of the AT72 magnesium are ordinary die-casting
and vacuum die-casting (the vacuum degrees are 75 KPa
and 94 KPa). The original sample and dynamic tensile and
compressive specimens are shown in Fig. 1. The size of dy-
namic compressive specimen is 4 6  4 mm.
The Split Hopkinson Pressure Bar (SHPB) and the Casing
Type Split Hopkinson tensile Bar (SHTB) [11] were used under
different strain rates at ambient temperature. The experiment
device and methods can be found in papers [12e14]. The SHPB
system and SHTB system are shown in Fig. 2. The fractures
were observed by SEM and microstructures of section
perpendicular to loading direction, microstructures of section
parallel with loading direction and microstructure of diagonal
section were observed in broken specimens.
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Fig. 3. Dynamic tensile true stressetrue strain curves of (a) ordinary die-
casting AT72 magnesium alloy, (b) vacuum die-casting AT72 magnesium
alloy (the vacuum degree is 75 KPa), (c) vacuum die-casting AT72 mag-
nesium alloy (the vacuum degree is 94 KPa).3.1. Dynamic mechanical properties
3.1.1. Dynamic tensile properties
Fig. 3 shows the dynamic tensile true stressetrue strain
curves of AT72 magnesium alloys at ambient temperature.
Fig. 3(a) shows the true stressetrue strain curves of ordinary
die-casting AT72 magnesium alloy at the strain rates of
454 s1 and 768 s1. Although the strain rates are relatively
low, both of the specimens were broken when loaded the
tension stress. It is acquired from the curve that the dynamic
tensile strengths are 76 MPa and 88 MPa and the dynamic
failure strains are 0.032 and 0.048, respectively. The two
curves have no apparent yield point. Fig. 3(b) shows the true
stressetrue strain curves of vacuum die-casting AT72 mag-
nesium alloy (the vacuum degree is 75 KPa) at the strain
rates of 516 s1 and 682 s1. The dynamic tensile behavior of
vacuum die casting AT72 magnesium alloy is similar to that of
ordinary die-casting magnesium alloy, and both of the speci-
mens were broken. The dynamic tensile strengths are 69 MPa
and 84 MPa respectively, and the dynamic failure strains are
0.038 and 0.039, respectively. It is also shown that the two
curves have no apparent yield point. Fig. 3(c) shows the true
stressetrue strain curves of vacuum die-casting AT72 mag-
nesium alloy (the vacuum degree is 94 KPa) under the strain
rates of 520 s1 and 705 s1. The dynamic tensile behavior of
vacuum die casting AT72 magnesium alloy is similar to that of
ordinary die-casting magnesium alloy. The dynamic tensile
behaviors of vacuum die-casting AT72 magnesium alloy (the
vacuum degree is 75 KPa) and vacuum die-casting AT72
magnesium alloy (the vacuum degree is 94 KPa) are similar,and the specimens were broken. The dynamic tensile strengths
are 70 MPa and 85 MPa respectively, and the dynamic failure
strains are 0.018 and 0.028, respectively. It is also shown that
the two curves have no apparent yield point.
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Fig. 4. Comparison of the dynamic tensile behavior under the approximate
strain rates (a) around 500 s1, (b) around 700 s1.
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Fig. 5. Dynamic compressive true stressetrue strain curves of (a) ordinary die-
casting AT72 magnesium alloy, (b) vacuum die-casting AT72 magnesium
alloy (75 KPa), and (c) vacuum die-casting AT72 magnesium alloy
(94 KPa).
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behavior under the approximate strain rate. From the true
stressetrue strain curve, it can be seen that when the tensile
strain rates are approximate, the dynamic tensile strength for
the ordinary die-casting and vacuum die-casting are very
close, and the dynamic failure strains are of great difference.
Furthermore, the dynamic tensile behavior of the AT72 mag-
nesium alloy did not show the expected result, that the dy-
namic tensile behavior for the vacuum die-casting materials is
better than that of ordinary die-casting materials.
3.1.2. Dynamic compressive property
The dynamic compressive true stressetrue strain curves of
AT72 magnesium alloys at ambient temperature are shown in
Fig. 5. It can be found that under dynamic compression AT72
magnesium alloys yield continuously, and have the slightly
positive strain rate effect with increased strain rates. When
specimen starts to crack, the strain rate of ordinary die-casting
AT72, vacuum die-casting AT72 (75 KPa) and vacuum die-
casting AT72 (94 KPa) is 3666 s1, 3650 s1 and 3705 s1,
respectively, which are similar. The failure strain rate of or-
dinary die-casting AT72, vacuum die-casting AT72 (75 KPa)
and vacuum die-casting AT72 (94 KPa) is 6062 s1,6395 s1 and 6943 s1, respectively. The dynamic strength of
ordinary die-casting AT72, vacuum die-casting AT72
(75 KPa) and vacuum die-casting AT72 (94 KPa) is
105 MPa, 107 MPa and 110 MPa, respectively. Thus it can be
seen that the dynamic compressive behavior of ordinary die-
casting AT72, vacuum die-casting AT72 (75 KPa) and vac-
uum die-casting AT72 (94 KPa) are nearly the same and did
not show the dynamic compressive behavior of the vacuum
die-casting is better than that of the ordinary die-casting either.
Fig. 6. Dynamic tensile fractures of (a) ordinary die-casting AT72 magnesium alloy, (b) vacuum die-casting AT72 magnesium alloy (75 KPa), (c) vacuum die-
casting AT72 magnesium alloy (94 KPa).
Fig. 7. SEM images for dynamic tensile fractures of: (a) and (b) ordinary die-casting AT72 magnesium alloy; (c) and (d) vacuum die-casting AT72 magnesium
alloy (75 KPa); (e) and (f) vacuum die-casting AT72 magnesium alloy (94 KPa).
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Fig. 8. Dynamic compressive fractures of (a) ordinary die-casting AT72
magnesium alloy, (b) vacuum die-casting AT72 magnesium alloy (75 KPa),
(c) vacuum die-casting AT72 magnesium alloy (94 KPa) (d) fracture mode.
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3.2.1. Fracture surfaces of specimens after dynamic tension
The dynamic tensile fracture surfaces of ordinary die-
casting AT72, vacuum die-casting AT72 (75 KPa) and vac-
uum die-casting AT72 (94 KPa) are shown in Fig. 6. The
elongations of the specimens are very small. The fractures are
all featured of cleavage, and also the pores are visible in the
fracture surfaces.
Fig. 7 shows the SEM images of dynamic tensile fractures
of AT72 magnesium alloy. It is observed that there are
considerable pore and shrinkage porosity volume fraction in
the fracture, as indicated by arrow in Fig. 7(a) and (b). The
pores tended to connect together and it can be deduced that the
pore and shrinkage porosity are the creak source during the
high strain rate tension. From the SEM fracture morphology of
vacuum die-casting AT72 magnesium alloy (the vacuum de-
gree is 75 KPa) in Fig. 7(c) and (d), it can be seen the
fracture mode is very similar to that of ordinary die-casting.
The pores connected together. It illustrates that these pores
and shrinkage porosity are the source of creak. The SEM
fracture morphology of vacuum die-casting AT72 magnesium
alloy (the vacuum degree is 94 KPa) in Fig. 7(e) and (f)
shows that the fracture mode is the same in spite of vacuum
and vacuum degree. The fracture morphology of above three
material states also shows that the cracks propagate along the
grain boundary.
3.2.2. Fracture surfaces of specimens after dynamic
compression
Fig. 8 shows the dynamic compressive fractures of ordinary
die-casting AT72, vacuum die-casting AT72 (75 KPa) and
vacuum die-casting AT72 (94 KPa). It can be seen that the
specimens were deformed heavily with increasing the strain
rates. Fig. 8(d) indicates the similar fracture mode. There are
one or two main cracks appearing along one shear direction
firstly when the specimen starts to crack and then another main
crack appearing along the other vertical shearing direction.
Main cracks propagate along the two shear direction individ-
ually and specimen breaks into three main parts in the end.
When the strain rate continues to increase, small cracks in-
crease and the specimen break into small parts.
Fig. 9 shows the SEM images for dynamic compressive
fractures of AT72 magnesium alloy. It is observed that there are
a lot of steps on the gentle fracture section. Along the steps are
some secondary cracks and a great deal of winding torn edges
(in Fig. 9(a), (b) and (d)) and on the steps there are flat tongue-
shaped pattern (in Fig. 9(g)). Thus, the fracture behavior of
AT72 under dynamic compressive is quasi-cleavage fracture.
In Fig. 9(c) pores were pressed and tended to connect and it can
be seen that cracks formed from the pore in Fig. 9(f). Thus it
can be deduced that the pores are also the creak source during
the high strain rate compression. Furthermore, some melting
areas were found along the crack in Fig. 9(d) and (e), as
indicated by the arrows. It is due to the temperature over the
melting point when most plastic deformation work produces
heat under high strain rate and adiabatic heating happens. InTaylor impact test of Tie6Ale4V alloy, Ren Yu [15] indicated
that these serious melting regions can be observed on the upper
side of the smooth and smeared surface, which illustrates that a
significant melting of the original shear area material takes
place prior to shear fracture of the specimen.3.3. Microstructure observation
3.3.1. Optical morphology of specimens after dynamic
tension
Fig. 10 presents the original microstructure of AT72.
Comparing two microstructures, it can be found that the most
apparent difference is the volume fraction of the pore. The
volume fraction of pore in ordinary die-casting is larger than
that of vacuum die-casting. This is expected from the vacuum
die-casting.
Fig. 11 presents the optical microstructure of AT72 after
dynamic tension. Fig. 11(a) and (b) shows that cracks come
from pores and extend along grain boundaries. Twinning
cannot be found in grains. Fig. 11(a) and (b) shows that cracks
grow out of pores and propagate along grain boundaries either.
It also can be observed that there are only a few twins formed
in the microstructure, as indicated in Fig. 11(d), which in-
dicates the amount of static deformation is small. The
microstructure of the vacuum die-casting of 94 KPa is the
same as that of 75 KPa and ordinary die-casting in Fig. 11(e)
and (f). The fracture mechanism of AT72 under dynamic
tension is inter-granular fracture.
Fig. 9. SEM imaging for dynamic tensile fractures of: (a) and (b) ordinary die-casting AT72 magnesium alloy; (c), (e) and (f) vacuum die-casting AT72 magnesium
alloy (75 KPa); (g) and (h) vacuum die-casting AT72 magnesium alloy (94 KPa).
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compression
To investigate the propagating mode of the cracks within
the specimens, the microstructures of AT72 are also examinedsystemically by an optical microscope. Fig. 12 presents the
optical microstructure of ordinary die-casting AT72 after dy-
namic compression. It can be observed in Fig. 12(a) that
several pores connected together and the cracks come from the
Fig. 10. Original microstructure of: (a) ordinary die-casting AT72, (b) Vacuum die-casting AT72 (the vacuum degree is 75 KPa).
Fig. 11. Dynamic tensile microstructures of (a) section perpendicular to the loading direction of ordinary die-casting AT72, (b) section parallel with the loading
direction of ordinary die-casting AT72, (c) section perpendicular to the loading direction of Vacuum die-casting AT72 (75 KPa), (d) section parallel with the
loading direction of Vacuum die-casting AT72 (7 KPa), (e) section perpendicular to the loading direction of Vacuum die-casting AT72 (94 KPa), (f) section
parallel with the loading direction of Vacuum die-casting AT72 (94 KPa).
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Fig. 12. Dynamic tensile microstructures of (a) and (b) section perpendicular to the loading direction of ordinary die-casting AT72; (c) and (d) section parallel with
the loading direction of ordinary die-casting AT72.
Fig. 13. Dynamic tensile microstructures of (a) and (b) section perpendicular to the loading direction of Vacuum die-casting AT72 (75 KPa), (c) section parallel
with the loading direction of Vacuum die-casting AT72 (75 KPa).
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Fig. 14. Dynamic tensile microstructures of: (a) section perpendicular to the loading direction of Vacuum die-casting AT72 (94 KPa), (b) section parallel with the
loading direction of Vacuum die-casting AT72 (94 KPa).
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through the grains. Finally the cracks ended into the grains as
shown in Fig. 12(b) and (d). No twinning can be observed in
the microstructures, both in the section perpendicular to the
loading direction and section parallel with the loading
direction.
Fig. 13 shows optical microstructure of die-casting AT72
(75 KPa) after dynamic tension. It can be seen in Fig. 13(a)
that the crack comes from the impact surface and then travel
through the grains. Being closer to impact surface, the grains
are smaller due to the impact. When the surrounding grains are
small, the crack propagate smoothly. However, when the sur-
rounding grains are big, the crack develops into narrow crack.
Inside the specimen several narrow cracks form discontinu-
ously in Fig. 13(b). The dynamic compression fracture
mechanism of AT72 is multi-crack propagation that canexplain why thin-walled square cylindrical specimen made of
magnesium alloy falls into small fragments after plastic
instability in the impact test, which simulating auto crashing
[16]. It shows that the cracks choose the way of least resis-
tance as shown in Fig. 13(c). The process of crack propagation
is also the process of impact energy attenuation. In addition no
twinning can be found in the microstructures.
Fig. 14 shows the optical microstructure of vacuum die-
casting AT72 (94 KPa) after dynamic tension. Fig. 14(a)
and (b) shows that several poles connected together and the
cracks come from the pores. And then the cracks developed
into narrow cracks through the grains. The grains surrounding
the crack were pressed and deformed strongly but no twinning
can be observed in the microstructures. Based on the results
above, the fracture mechanism of AT72 under dynamic tension
is intra-crystalline fracture.
161Z. Liu et al. / Journal of Magnesium and Alloys 1 (2013) 150e1624. Discussion4.1. Pores in AT72Based on Hall-Petch [17] relations s ¼ s0 þ kd1/2, within
a certain range of grain size, finer the grains are, better the
strength materials have. However under high strain rates, the
dynamic tensile properties and dynamic compressive proper-
ties of vacuum die-casting AT72 are not better than those of
ordinary die-casting AT72 as expected. It is evident that pores
in the material strongly affect the mechanical properties of die
casting material [18e21]. Although vacuum die casting is an
advanced technology which can reduce internal porosity of die
casting, but it cannot eliminate pores completely (as shown in
Fig. 10). In general, the most well-known and important
fracture mechanism of materials is the process of pores
nucleating, growing and connecting [22]. And there has been a
certain degree of damage in the die casting material because of
the pores existing. Under high strain rate loading, even small
pores can become big in a very short time and connect
together which leads the material cracks. In practice, the
growth and connection of pores are controlled by threshold
stress [23]. The dynamic tensile threshold stress and dynamic
compressive threshold stress of vacuum die-casting AT72 and
ordinary die-casting AT72 are the same, which causes that
dynamic properties are the same. The dynamic threshold stress
curves and the time crack starting of AT72 can be tested by
dynamic three points bending fracture test [24] and theoretical
calculated in the future to support our presuming.
Moreover, the dynamic tensile fracture mechanism of both
vacuum die-casting AT72 and ordinary die-casting AT72 is
inter-granular fracture, and cracks grow out of pores. The dy-
namic compressive fracture mechanism of vacuum die-casting
AT72 and ordinary die-casting AT72 is quasi-cleavage intra-
crystalline mechanism. The multi-crack mechanism is that main
cracks grow out of pores and impact surfaces and hairline
cracks are produced by detachment of grains and matrix.4.2. Deformation localizationThe results above illustrate that the deformation localiza-
tion of die-casting AT72 magnesium alloy after dynamic
compression can be seen in three aspects: connecting pores,
pressed grains and melting regions. No matter the dynamic
stress is tension (in Fig. 7) or the dynamic stress is compres-
sion (in Fig. 12(a)), pores connection is caused by deformation
localization and in die casting materials pores deforms firstly.
Pressed grains and melting regions in Fig. 9 are because under
high strain rates, the whole deformation is in a very short time
and a large part (about 90%) of plastic work turns into heat
and the time is too short for heat to lose in a small region.5. Conclusions
(1) At approximate 1000 s1 tensile strain rates, the dynamic
tensile strength of the ordinary die-casting AT72 andvacuum die-casting AT72 is very similar, the dynamic
failure strain is of great difference.
(2) AT72 magnesium alloys under dynamic compression yield
continuously, and have the slight positive strain rate effect
with increase of strain rates. The dynamic compressive
behavior of ordinary die-casting AT72 and vacuum die-
casting AT72 is nearly the same.
(3) The dynamic tensile fracture mechanism of vacuum die-
casting AT72 and ordinary die-casting AT72 is inter-
granular fracture. The dynamic compressive fracture
mechanism of vacuum die-casting AT72 and ordinary
die-casting AT72 is quasi-cleavage intra-crystalline
failure.
(4) The pores have an important effect on the dynamic
properties of die casting magnesium alloys.Acknowledgments
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